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Recoilmomentum krec= 2πλrec 5.8×106m−1
Recoilvelocity vrec= vrecmHe 9.2cm/s
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ω =2π×7Hz ω =2π×93Hz ω =2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
Tφ(µK) 0.014 1.53 5.00




































































































































































































































































































































ω =2π×7Hz ω =2π×93Hz ω =2π×170Hz
Nat=3×104 Nat=5×104 Nat=7×104
Ref.[64] L(µm) 323 55.00 37.00
(1D-3Dcrossover w⊥(0)(µm) 2.28 3.45 3.86
description) µ2π(kHz) 2.29 6.36 9.12
Thomas-Fermi L(µm) 430 60.05 39.64
approximation R(µm) 2.36 4.40 5.30
µ
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d3k :ˆn(k)ˆn(k+∆k):nˆ(k) nˆ(k+∆k), (3.33)
where ::correspondstothenormalorderingaverageandtheintegrationsurfacesareequal
to


















































































d3kb :ˆn(ka)ˆn(kb+∆k):nˆ(ka) nˆ(kb+∆k), (3.38)




















































































































































































































σz(klat) 0.012(2) 0.010(2) 0.025(3)
σ⊥ (klat) 0.05(1) 0.04(2) 0.08(1)
σn(k)z(klat) 0.06(1) 0.06(2)
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P(0) P(1) P(2) P(0) P(1) P(2)
Exp. 0.82(3) 0.16(1) 0.021(4) 0.90(3) 0.090(9) 0.005(6)
Theor.Pop.Det.Beama Theor.Pop.Det.Beamb
η P(0) P(1) P(2) P(0) P(1) P(2) Na Nb
0.15 0.82(3) 0.16(2) 0.016(5) 0.90(2) 0.094(6) 0.005(2) 1.3(2) 0.7(1)
0.25 0.82(2) 0.16(2) 0.016(3) 0.90(2) 0.090(11) 0.005(2) 0.8(1) 0.5(1)







bothbeamaandbinordertoﬁtthevaluesofP(0,1,2).Foreachvalueofη,weextractthevaluesofNa= na andNb= nb
correspondingtotherealpopulationswhichbestﬁttheexperimentalresults.
ThevaluesofN= n aresummarisedinTable5.2fordiﬀerentvaluesofthedetection
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Clouda Cloudb Cloudc Cloudd
Densitycenter(klat) 0.73(1) 1.27(2) 0.735(7) 1.272(8)
Densitywidthat1/√e(klat)
zˆ 0.06(1) 0.06(1) 0.08(2) 0.08(2)
xˆ 0.08(2) 0.08(2) 0.10(3) 0.012(3)














AveragenumberofatomsdetectedinsideΩV 0.21 0.13 0.19 0.18


























− eˆ−i(φ1−φ1+φ2−φ2)a†ka+kbmsaˆ†kb−kbmsaˆkaaˆkb + aˆ†kaˆa†kbˆakaaˆkb]
+14[ˆa
†




























G(2)ab= aˆ†kaˆa†kbˆakaaˆkb = aˆ†kb−kbmsaˆ†ka+kbmsaˆkb−kbmsaˆka+kbms
and
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|a π/Ω−−→ i√2 −|x−e
−iφ|y =|c=−ie−iφ|b, (D.7a)

































































































































































































































































































































































































































































































































































k2a2m(t−ts)aˆka tTe−φ1−rR∗e−iϕ1 +aˆka+kbms tRe−iϕ1+rT∗e−iφ1 , (D.39a)
aˆkb(t)=e−i
































+|r|2|t|2|R|4−|R|2tRr∗Tcosθ4|t|2−|r|2 G(2)aa+G(2)bb , (D.41)
with
θ1= kbmsm (kb−kbms−ka)(τ−tm), (D.42a)
θ2=(φM−φS)+ kbms2m [(kb−kbms)(τ−tm)−(kbms+2ka)tm], (D.42b)
θ3=(φS−φM)+ kbms2m [−(kbms+ka)(τ−tm)−(kbms−2kb)tm], (D.42c)


































































































































































































































































ka,kb = n(1+2n)+m (1+2m).
E(θ)thenbecomes
E(θ)=









2Reeiθaˆ†ka aˆ†kb aˆkb aˆka
2n m +n(2n+1)+m(2m +1),
whichsimpliﬁesinthecaseofasymmetricaveragepopulation n= m to
E(θ)=
Reeiθaˆ†ka aˆ†kb aˆkb aˆka
n(3n+1) .
Theunknowntermleftisthenthenumerator aˆ†ka aˆ†kb aˆkb aˆka .FromRef.[87],itispossibletoexpressthistermfortheparametricconversionstateas
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Violation of the Cauchy-Schwarz Inequality with Mater Waves
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The Cauchy-Schwarz (CS) inequality—one of the most widely used and important inequalities in
mathematics—can be formulated as an upper bound to the strength of corelations between classicaly
ﬂuctuating quantities. Quantum-mechanical corelations can, however, exceed classical bounds. Here we
realize four-wave mixing of atomic mater waves using coliding Bose-Einstein condensates, and
demonstrate the violation of a multimode CS inequality for atom number corelations in opposite zones
of the colision halo. The corelated atoms have large spatial separations and therefore open new
opportunities for extending fundamental quantum-nonlocality tests to ensembles of massive particles.
DOI:10.1103/PhysRevLet.108.260401 PACS numbers: 03.75.Be, 03.75.Gg, 34.50.Cx, 42.50.Dv
The Cauchy-Schwarz (CS) inequality is ubiquitous in
mathematics and physics [1]. Its utility ranges from proofs
of basic theorems in linear algebra to the derivation of the
Heisenberg uncertainty principle. In its basic form, the CS
inequality simply states that the absolute value of the inner
product of two vectors cannot be larger than the product of
their lengths. In probability theory and classical physics,
the CS inequality can be applied to ﬂuctuating quantities
and states that the expectation value of the cross corelation






This inequality is satisﬁed, for example, by two classical
curents emanating from a common source.
In quantum mechanics, corelations can, however, be
stronger than those alowed by the CS inequality [2–4].
Such corelations have been demonstrated in quantum
optics using, for example, antibunched photons produced
via spontaneous emission [5], or twin photon beams gen-
erated in a radiative cascade [6], parametric down conver-
sion [7], and optical four-wave mixing [8]. Here the
discrete nature of the light and the strong corelation (or
anticorelation in antibunching) between photons is re-
sponsible for the violation of the CS inequality. The vio-
lation has even been demonstrated for two light beams
detected as continuous variables [8].
In this work we demonstrate a violation of the CS
inequality in mater-wave optics using pair-corelated
atoms formed in a colision of two Bose-Einstein conden-
sates (BECs) of metastable helium [9–12] (see Fig.1). The
CS inequality which we study is amultimodeinequality,
involving integrated atomic densities, and therefore is
diferent from the typical two-mode situation studied in
quantum optics. Our results demonstrate the potential of
atom optics experiments to extend the fundamental tests of
quantum mechanics to ensembles of massive particles.
Indeed, violation of the CS inequality implies the possi-
bility of (but is not equivalent to) formation of quantum
states that exhibit the Einstein-Podolsky-Rosen (EPR) cor-
relations or violate a Bel’s inequality [3]. The EPR and
Bel-state corelations are of course of wider signiﬁcance
FIG. 1 (color online). Diagram of the colision geometry.
(a) Two cigar-shaped condensates moving in opposite directions
along the axial directionzshortly after their creation by a Bragg
laser pulse (the anisotropy and spatial separation are not to
scale). (b) Spherical halo of scatered atoms produced by four-
wave mixing after the cloud expands and the atoms fal to the
detector 46 cm below. During the ﬂight to the detector, the
unscatered condensates acquire a disk shape shown in white
on the north and south poles of the halo. The (red) boxes 1 and 2
ilustrate a pair of diametricaly symmetric counting zones
(integration volumes) for the average cross-corelation and au-
tocorelation functions,Gð2Þ12andGð2Þi (i¼1;2) (see text), used inthe analysis of the Cauchy-Schwarz inequality.
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to foundational principles of quantum mechanics than
those that violate a CS inequality. Nevertheless, the im-
portance of understanding the CS inequality in new physi-
cal regimes lies in the fact that: (i) they are the simplest
possible tests of stronger-than-classical corelations, and
(i) they can be viewed as precursors, or necessary con-
ditions, for the stricter tests of quantum mechanics.
The atom-atom corelations resulting from the colision
and violating the CS inequality are measured after long
time-of-ﬂight expansion using time- and position-resolved
atom detection techniques unique to metastable atoms
[13]. The 307 ms long expansion time combined with a
large colision and hence scatering velocity results in a
6cmspatial separation between the scatered, corelated
atoms. This separation is quite large compared to what has
been achieved in recent related BEC experiments based on
double-wel or two-component systems [14–16], trap
modulation techniques [17], or spin-changing interactions
[18,19]. This makes the BEC colisions idealy suited to
quantum-nonlocality tests using ultracold atomic gases and
the intrinsic interatomic interactions.
In a simple two-mode quantum problem, described by
boson creation and annihilation operatorsa^yianda^i(i¼1;2), the Cauchy-Schwarz inequality of the form of Eq. (1)
can be formulated in terms of the second-order corelation
functions,Gð2Þij¼h:^ni^nj:i¼h^ayia^yja^j^ai, and reads [2–4]
Gð2Þ12 ½Gð2Þ11Gð2Þ221=2; (2)
or simplyGð2Þ12 Gð2Þ11in the symmetric case ofGð2Þ11¼Gð2Þ22.
Here,Gð2Þ12¼Gð2Þ21,^ni¼a^yia^iis the particle number opera-tor, and the double colons indicate normal ordering of the
creation and annihilation operators, which ensures the
corect quantum-mechanical interpretation of the process
of detection of pairs of particles that contribute to the
measurement of the second-order corelation function
[2]. Stronger-than-classical corelation violating this in-
equality would requireGð2Þ12>½Gð2Þ11Gð2Þ221=2,orGð2Þ12>
Gð2Þ11in the symmetric case.The situation we analyze here is counterintuitive in that
we observe a peak cross corelation (for pairs of atoms
scatered in opposite directions) that is smaler than the
peak autocorelation (for pairs of atoms propagating in the
same direction). In a simple two-mode model such a ratio
of the cross corelation and autocorelation satisﬁes the
classical CS inequality. However, in order to adequately
treat the atom-atom corelations in the BEC colision
problem, one must generalize the CS inequality to a multi-
mode situation, which takes into account the fact that the
cross corelations and autocorelations in mater-wave op-
tics are usualyfunctions(in our case of momentum). The
various corelation functions can have diferent widths and
peak heights, and one must deﬁne an appropriate integra-
tion domain over multiple momentum modes to recover an
inequality that plays the same role as that in the two-mode
case andisactualy violated, as we show below.
The experimental setup was described in Refs. [11,12].
Brieﬂy, a cigar-shaped BEC of metastable helium,
containing approximately 105atoms, trapped initialy
in a harmonic trapping potential with frequencies
ð!x;!y;!zÞ=2 ¼ð1500;1500;7:5ÞHz, was split by
Bragg difraction into two parts along the axial (z-) direc-
tion [see Fig.1(a)], with velocities difering by twice the
single photon recoil velocityvrec¼9:2cm=s. Atoms in-teract via binary, momentum conservings-wave colisions
and scater onto a nearly spherical halo [see Fig.1(b)]
whose radius in velocity space is about the recoil velocity
[11,20]. The scatered atoms fal onto a detector that
records the arival times and positions of individual atoms
[13] with a quantum efﬁciency of 10%. The halo diame-
ter in position space at the detector is 6cm. We use the
arival times and positions to reconstruct three-
dimensional velocity vectorsvfor each atom. The unscat-
tered BECs localy saturate the detector. To quantify the
strength of corelations coresponding only to spontane-
ously scatered atoms, we exclude from the analysis the
data points containing the BECs and their immediate vi-
cinity (jvzj<0:5vrec) and further restrict ourselves to aspherical shel of radial thickness0:9<vr=vrec<1:1(where the signal to noise is large enough), deﬁning the
total volume of the analyzed region asVdata.Using the atom arival and position data, we can mea-
sure the second-order corelation functions between the
atom number densitiesn^ðkÞat two points in momentum
space,Gð2Þðk;k0Þ¼h:^nðkÞ^nðk0Þ:i(see Supplementary
Material [21]), withkdenoting the wave vectork¼
mv=@and@kthe momentum. The corelation measure-
ments are averaged over a certain counting zone (integra-
tion volumeV) on the scatering sphere in order to get
statisticaly signiﬁcant results. By choosingk0to be nearly
opposite or nearly colinear tok, we can deﬁne the aver-










which play a role analogous to the cross-corelation and
autocorelation functions,Gð2Þ12andGð2Þi, in the simple two-mode problem discussed above. The BB and CL corela-
tions are deﬁned as functions of the relative displacement
k, while the dependence onkis lost due to the averaging.
The normalized BB and CL corelations functions,
gð2ÞBBðkÞandgð2ÞCLðkÞ, averaged over the unexcised partof the scatering sphereVdataare shown in Fig.2. The BBcorelation peak results from binary, elastic colisions be-
tween atoms, whereas the CL corelation peak is a variant
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of the Hanbury Brown and Twiss efect [22,23]—a two-
particle interference involving members of two diferent
atom pairs [9,10,24,25]. Both corelation functions are
anisotropic because of the anisotropy of the initial colid-
ing condensates.
An important diference with the experiment of Ref. [9]
is that the geometry in the present experiment (with
verticaly elongated condensates) is such that the observed
widths of the corelation functions are not limited by the
detector resolution. Here we now observe that the BB and
CL corelations have very diferent widths, with the BB
width being signiﬁcantly larger than the CL width. This
broadening is largely due to the size of the condensate in
the vertical direction (1mm). The elongated nature of
the cloud and the estimated temperature of 200 nKalso
means that the condensates corespond in fact toquasicon-
densates[26] whose phase coherence length is smaler than
the size of the atomic cloud. The broadening of the BB
corelation due to the presence of quasicondensates wil be
discussed in another paper [27], but we emphasize that the
CS inequality analyzed here is insensitive to the detailed
broadening mechanism as it relies on integrals over core-
lation functions. This is one of the key points in consider-
ing the multimode CS inequality.
Since the peak of the CL corelation function core-
sponds to a situation in which the two atoms folow the
same path, we can associate it with the autocorelation of
the momentum of the particles on the colision sphere.
Similarly, the peak of the BB corelation function core-
sponds to two atoms folowing two distinct paths and
therefore can be associated with the cross-corelation func-
tion between the respective momenta. Hence we realize a
situation in which one is tempted to apply the CS inequal-
ity to the peak values of these corelation functions. As we
see from Fig.2, if one naively uses only the peak heights,
the CS inequality isnotviolated sincegð2ÞBBð0Þ<gð2ÞCLð0Þand
henceGð2ÞBBð0Þ<Gð2ÞCLð0Þdue to the nearly identical nor-malization factors (see Supplementary Material [21]).
We can, however, construct a CS inequality that is
violated if we use integrated corelation functions,Gð2Þij,







The choice of the two integration (zone) volumesViand
Vjdetermines whether theGð2Þij-function coresponds to
the BB (i j)orCL(i¼j) corelation functions, Eqs. (3)
and (4).
The CS inequality that we can now analyze for violation
readsGð2Þ12 ½Gð2Þ11Gð2Þ221=2. To quantify the degree of vio-lation, we introduce a corelation coefﬁcient,
C¼Gð2Þ12=½Gð2Þ11Gð2Þ221=2; (6)
which is smaler than unity classicaly, but can be larger
than unity for states with stronger-than-classical
corelations.
In Fig.3we plot the corelation coefﬁcientCdetermined
from the data for diferent integration zonesV1andV2,but always keeping the two volumes equal. WhenV1andV2corespond to diametricaly opposed, corelated pairs
FIG. 2 (color online). Normalized back-to-back (a) and
colinear (b) corelation functions,gð2ÞBBðkÞandgð2ÞCLðkÞ,inmomentum space integrated overVdatacoresponding tojkzj<0:5krecand0:9<kr=krec<1:1, wherekrec¼mvrec=@is therecoil momentum. The data are averaged over 3600 experimen-
tal runs. Because of the cylindrical symmetry of the initial
condensate and of the overal geometry of the colision, the
dependence on thekxandkycomponents should physicaly be
identical and therefore can be combined (averaged); the core-
lation functions can then be presented as two-dimensional sur-
face plots on the (kz,kxy) plane. The two-dimensional plots were
smoothed with a nearest neighbor running average. The data
points along thekzandkxyprojections (coresponding to thin
slices centered atkxy¼0andkz¼0, respectively) are not
smoothed. The solid lines show the Gaussian ﬁts to these
projections. The peak height of the back-to-back corelation
function is 1:2while that of the colinear corelation function
is 1:4, apparently conﬁrming the Cauchy-Schwarz inequality.
The widths of the two distributions are, however, very diferent
(BB;x’ BB;y’0:21krec, BB;z’0:019krec, whereas CL;x’
CL;y’0:036krec, CL;z’0:002krec) and a multimode formula-
tion of the Cauchy-Schwarz inequality, which relates the relative
volumes of the corelation functions,isviolated.
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of zones (red circles),Cis greater than unity, violating the
CS inequality, while for neighboring, uncorelated pairs
(blue squares) the CS inequality is not violated. The ﬁgure
also shows the results of a quantum-mechanical calculation
ofCusing a stochastic Bogoliubov approach (green thick
solid curve) [20,21,28]. The calculation is for the initial
total number of atomsN¼85 000and is in good agree-
ment with the observations. The choice of large integration
volumes (smal number of zonesM) results in only weak
violations, while using smaler volumes (largeM) in-
creases the violation. This behavior is to be expected (see
Supplementary Material [21]) because large integration
zones include many, uncorelated events which dilute the
computed corelation. The saturation ofC, in the curent
arangement of integration zones—with a ﬁxed number of
polar cuts and hence a ﬁxed zone size alongzwhich always
remains larger than the longitudinal corelation width—
occurs when the tangential size of the zone begins to
approach the transverse width of the CL corelation func-
tion. If the zone sizes were made smaler in al directions,
we would recover the situation applicable to the peak
values of the corelation functions (and hence no CS
violation) as soon as the sizes become smaler than the
respective corelation widths (see Eq. (S11) in the
Supplementary Material [21]).
We have shown the violation of the CS inequality using
the experimental data of Ref. [11] in which a sub-
Poissonian variance in the atom number diference
between opposite zones was observed. Although the two
efects are linked mathematicaly in simple cases, they are
not equivalent in general [8,21]. Because of the multimode
nature of the four-wave mixing process, we observe
stronger (weaker) suppression of the variance below the
shot-noise level for the larger (smaler) zones (see Fig. 3 of
[11]), whereas the degree of violation of the CS inequality
folows the opposite trend. This diference can be of im-
portance for other experimental tests of stronger-than-
classical corelations in inherently multimode situations
in mater-wave optics.
The nonclassical character of the observed corelations
implies that the scatered atoms cannot be described by
classical stochastic random variables [29]. Our experiment
is an important step toward the demonstrations of increas-
ingly restrictive types of nonlocal quantum corelations
with mater waves, which we hope wil one day culminate
in the violation of a Bel inequality as wel. In this case, the
nonclassical character of corelations wil also defy a
description via a local hidden variable theory [4,29].
Nonoptical violations of Bel’s inequalities have so far
only been demonstrated forpairsof massive particles
(such as two trapped ions [30] or proton-proton pairs in
the decay of2He[31]), but never in the multiparticle
regime. The BEC colision scheme used here is particularly
wel-suited for demonstrating a Bel inequality violation
[32] using an atom optics analog of the Rarity-Tapster
setup [33].
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Acoustic Analog to the Dynamical Casimir Efect in a Bose-Einstein Condensate
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We have modulated the density of a trapped Bose-Einstein condensate by changing the trap stifness,
thereby modulating the speed of sound. We observe the creation of corelated excitations with equal
and opposite momenta, and show that for a wel-deﬁned modulation frequency, the frequency of the
excitations is half that of the trap modulation frequency.
DOI:10.1103/PhysRevLet.109.220401 PACS numbers: 03.75.Kk, 42.50.Lc, 67.10.Jn
Although we often picture the quantum vacuum as con-
taining virtual quanta whose observable efects are only
indirect, it is a remarkable prediction of quantum ﬁeld
theory that the vacuum can generate real particles when
boundary conditions are suddenly changed [1–4]. Known
as the dynamical Casimir efect, a cavity with accelerating
boundaries generates photon pairs. Recent experiments
have demonstrated this efect in the microwave regime
using superconducting circuits [5,6]. Hawking radiation
[7] is another situation characterized by spontaneous pair
creation and work on sonic analogs to the Hawking
problem [8] has led to the realization that Bose-Einstein
condensates (BEC) are atractive candidates to study such
analog models [9–11], because their low temperatures
promise to reveal quantum efects. Here we exhibit an
acoustic analog to the dynamical Casimir efect by modu-
lating the speed of sound in a BEC. We show that core-
lated pairs of elementary excitations, both phononlike and
particlelike, are produced, in a process that formaly
resembles parametric down-conversion [4,12].
The ﬁrst analyses of the dynamical Casimir efect
considered moving mirors, but it has been suggested that
a changing index of refraction could mimic the efect
[13,14]. Our experiment is motivated by a suggestion in
Ref. [12] that one can realize an acoustic analog to the
dynamical Casimir efect by changing the scatering length
in an interacting Bose gas. The change in the interaction
strength is analogous to an optical index change: the speed
of sound (or light) changes. Seen in a more microscopic
way, the ground state of such a gas is the vacuum of
Bogoliubov quasiparticles whose makeup is interaction
dependent. Changing the interaction strength projects this
old vacuum onto a new state containing pairs of the new
quasiparticles [12], which appear as pairwise excitations.
Instead of changing the interaction strength, we have sim-
ply modiﬁed the conﬁning potential, which in turn changes
the density. Sudden changes such as these have also been
suggested as analogs to cosmological phenomena [15–17].
We study two situations, in the ﬁrst the conﬁning poten-
tial is suddenly increased and in the second the potential
is modulated sinusoidaly. The sinusoidal modulation of
the trapping potential was studied in Refs. [18–20] in the
context of the observation of Faraday waves. Our results
on sinusoidal modulation are similar to this work and we
have extended it to observe corelated pairs of Bogoliubov
excitations. We produce these excitations in both the
phonon and particle regimes, and observe corelations in
momentum space. Parametric excitation of a quantum gas
was also studied in optical latices in which the optical
latice depth was modulated [21,22], although in that
experiment, the excitation was observed as a broadening
of a momentum distribution.
The experimental apparatus is the same as that described
in Refs. [23,24] and is shown schematicaly in Fig.1(a).
We start from a BEC of approximately 105metastable
helium (He) atoms evaporatively cooled in a vertical
optical trap to a temperature of about 200 nK. The trapped
cloud is cigar shaped with axial and radial frequencies of
7 and 1500 Hz. In the ﬁrst experiment we raise the trapping
laser intensity by a factor of 2 with a time constant
of50 susing an acousto-optic modulator [see inset to
Fig.1(b)]. The trap frequencies thus increase by ﬃ2p. The
compressed BEC is held for 30 ms before the trap laser is
switched of (in less than10 s). The cloud fals onto a
position sensitive, single atom detector which alows us to
measure the atom velocities [25]. After compression, the
gas is excited principaly in the vertical direction: trans-
versely we only observe a slight heating (about 100 nK).
Figure1(b)shows a single shot distribution of vertical
atom velocities relative to the center of mass and integrated
horizontaly, while Fig.1(c)shows the same distribution
averaged over 50 shots. These distributions are more than 1
order of magnitude wider than that of an unafected BEC.
The individual shots show a complex structure which is not
reproduced from shot to shot, as is seen from the washing
out of the peaks upon averaging.
We consider the corelations between atoms with verti-
cal velocitiesvzandv0z, by constructing a normalized
second-order corelation function,gð2Þðvz;v0zÞ[25], aver-aged over thex-yplane and shown in Fig.2(a). The plot
exhibits two noticeable features along thev0z¼vzandv0z¼ vzdiagonals. The former reﬂects the ﬂuctuationsin the momentum distribution, as in the Hanbury Brown–
Twiss efect [26], except that this cloud is far from thermal
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equilibrium. Thev0z¼ vzcorelation is a clear signatureof a corelation between quasiparticles of opposite veloc-
ities. A projection of this of-diagonal corelation is shown
in Fig.2(b). At low momentum, the excitations created by
the perturbation are density waves (phonons) which in
general consist of superpositions of several atoms traveling
in opposite directions. In the conditions of our clouds, a
phonon is adiabaticaly converted into a single atom of the
same momentum during the release by a process refered to
as ‘phonon evaporation’ [27]. Therefore in the phonon
regime as wel as in the particle regime, we interpret the
back-to-back corelation in Fig.2(a)as the production of
pairs of Bogoliubov excitations with oppositely directed
momenta as predicted in the acoustic dynamical Casimir
efect analysis [12].
To further study this process, we replace the compres-
sion by a sinusoidal modulation of the laser intensity
IðtÞ¼I0ð1þ cos!mtÞ[inset of Fig.1(d)]. We choosesuch that the trap frequencies are modulated peak to peak
by about 10%. The modulation is applied for 25 ms
before releasing the condensate. Figures1(d)and1(e)
show, respectively, single shot and averaged momentum
distributions resulting from the modulation. One sees that
the momentum distribution develops sidebands, approxi-
mately symmetricaly placed about the center. Figure3(a)
shows the normalized corelation function, ploted in the
same way as in Fig.2(a), for a modulation frequency
!m=2 ¼2170 Hz. We again observe antidiagonal core-lations as for a sudden excitation except that the corela-
tions now appear at a wel-deﬁned velocity, which
coincides with that of the sidebands [see Fig.3(b)].
We have examined sinusoidal modulation for frequen-
cies!m=2 between 900 and 5000 Hz and observedexcitations similar to those in Fig.3. We summarize our
observations in Fig.4(a)in which we plot the excitation
frequency as a function of the sideband velocity. We also
plot the locations of the peaks in the corelation functions
on the same graph. For modulation frequencies much
above 2 kHz, the antidiagonal corelation functions are
quite noisy preventing us from clearly identifying corela-
tion peaks. This noise may have to do with the proximity
of the parametric resonance with the transverse trap fre-
quency ( 3 kHz)[19].
A weakly interacting quantum gas obeys the wel-known
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FIG. 1 (color online). Efects of time-varying potentials. (a) Schematic view of the experiment. Pairs of Bogoliubov quasiparticles
are created by varying the trap stifness. After the ﬂight to the detector these excitations appear as a broadening or sidebands on the
atom cloud in the vertical (z) direction. In the folowing plots we convert arival times to relative velocities and average over the
transverse dimensions. (b) Single shot velocity distribution for a cloud which was subjected to a sudden increase in the trap stifness.
The inset shows the time evolution of the trap stifness. (c) As in (b) but averaged over 50 shots. (d) Single shot velocity distribution for
a cloud which was subjected to a weak, sinusoidal modulation of the trap stifness at 2.17 kHz. The inset shows the time evolution of
the trap stifness. (e) As in (d) but averaged over 780 shots.
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whose dispersion is linear and free particles, whose disper-
sion is quadratic. If our observation indeed coresponds to
the creation of pairs, we expect the total excitation energy
to be shared between the two excitations. Momentum con-
servation, on the other hand, requires that the two energies
be equal, implying!m¼2!k. Therefore the relationbetween the modulation frequency and the sideband veloc-
ity should also be given by Eq. (1) but with ¼2and
k¼mvz=@. Fiting the points in Fig.4(a)to (1) with andcas free parameters, we obtain ¼2:2 0:3. The ﬁted
sound velocity,8 3mm=s, is consistent with the value
one can calculate from the trap parameters and the esti-
mated number of atoms [25].
We can further coroborate our interpretation of pairwise
excitations by a method more direct and robust than the 2
parameter ﬁt to the data in Fig.4(a). In Fig.4(b),we
compare the dispersion relation resulting from modulation
with that obtained by Bragg scatering. Bragg scatering
produces single excitations of quasiparticles at a deﬁnite
energy and momentum [28]. We excited the BEC with
two lasers in the Bragg conﬁguration to determine the
frequency for a givenkvector [25]. Then, under the same
experimental conditions, using sinusoidal trap laser modu-
lation, we excited the BEC at various frequencies and
found the coresponding velocities. The lower curve in
Fig.4(b)is a ﬁt to the Bragg data in which we ﬁx ¼1
and ﬁt the speed of sound. The upper curve is a ﬁt to the
trap modulation data in which we set the speed of sound
to that found in the ﬁrst ﬁt and we alowed to vary. This
second ﬁt yields ¼2:07 0:2. The ﬁted speed of
sound for this data set (about13 mm=s) is higher than in
the data of Fig.4(a), because during these runs the number
of atoms in the condensate was larger.
An even more dramatic conﬁrmation of our interpreta-
tion would be the observation of sub-Poissonian intensity
diferences in the two sidebands, as was observed in the
experiment of Ref. [5], as wel as in Refs. [29]. The later
experiment modulated the center of a trapped, one dimen-
sional gas producing transverse excitations which in turn
FIG. 3 (color online). Density corelations after a periodic
modulation. (a) Normalized corelation function gð2Þðvz;v0zÞmeasured after sinusoidal modulation of the trap frequency at
a frequency!m=2 ¼2:17 kHz, averaging over 243 experi-mental shots. We observe a strong corelation between wel-
deﬁned, oppositely directed velocities. (b) Plot of the density







































FIG. 2 (color online). Density corelations after a sudden
compression. (a) Normalized corelation functiongð2Þðvz;v0zÞofthe data in Fig.1(c)(50 shot average). The signal on the diagonal
results from the density ﬂuctuations in the cloud. The antidiag-
onal line indicates the creation of corelated quasiparticles with
opposite momenta, and is the signature of the dynamical Casimir
efect. (b) Antidiagonal corelation functiongð2Þðvz;v0z¼ vzÞ.The smooth line shows the result of smoothing the data over a
window of about1cm=s. The corelations apparently persist
over a scale comparable to that of the density distribution. (c)
Corelation function along the dashed line and integrated over a
region indicated by the doted arows, as a function of vz¼v0z vz. The dips on either side of the peak may be related to theefect reported in [32].
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produced twin beams. Equivalently, one could ask whether
the Cauchy-Schwarz inequality is violated [30], indicating
a nonclassical corelation. Comparing intensity diferences
in the sidebands we observe a reduction of the ﬂuctuations
compared to uncorelated regions of the distribution.
However, we observe no sub-Poissonian ﬂuctuations or
Cauchy-Schwarz violation, probably because of a back-
ground under the sidebands [see Fig.1(d)]. The back-
ground is due to atoms spiling out of the trap before
release.
Another diference between our experiment and an ideal
realization of the dynamical Casimir efect is that the
temperature is not negligible. This means that the pair
generation did not arise from the vacuum but rather from
thermal noise. For our temperature of 200 nK, the thermal
occupation of the mode of frequency 2 kHz is 1.6. In
the absence of a thermal background, the normalized
corelation function would show an even higher peak.
Using the perturbative approach of Ref. [12], one can
show thatgð2Þðvz;v0z¼ vzÞis a decreasing function ofthe temperature, since thermal quasiparticles are uncore-
lated and only dilute the corelation.
Many authors have discussed the relationship of the
dynamical Casimir efect to Hawking and Unruh radiation
(see [4] for a recent review). It has also been pointed out
that the two-particle corelations arising in the sonic
Hawking problem constitute an important potential detec-
tion strategy [10,31], although the above authors discussed
corelations in position space. The present study has con-
ﬁrmed the power of corelation techniques, and shown in
addition thatmomentum spaceis a good place to look for
them. We expect that a similar approach can be applied to
Hawking radiation analogs as wel as the general problem
of studying the physics of curved spacetime by laboratory
analogies.
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Tunable source of correlated atom beams
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We use a one-dimensional optical latice to modify the dispersion relation of atomic mater waves. Four-wave
mixing in this situation produces atom pairs in two wel-define beams. We show that these beams present a
narow momentum corelation, that their momenta are precisely tunable, and that this pair source can be operated
in the regimes of low mode occupancy and of high mode occupancy.
DOI:10.1103/PhysRevA.87.061603 PACS number(s): 03.75.Lm, 34.50.Cx, 42.50.Dv, 67.85.Hj
In quantum optics, the existence of mechanisms to produce
photon pairs, such as parametric down-conversion, enabled the
realization of several fundamental experiments on quantum
mechanics. For example, the violation of Bel’s inequalities
[1] or the Hong-Ou-Mandel efect [2] reveal the surpris-
ing properties of quantum corelations in entangled photon
pairs. These fascinating properties have found applications in
quantum information and communications [3]. In analogy to
photon pairs, there have been several recent demonstrations
of corelated atom-pair production [4–10]. In particular,
momentum corelations of spatialy separated samples is an
important requirement for the demonstration of an atomic
Einstein-Podolsky-Rosen state [11,12] and the violation of
Bel’s inequalities. Such momentum corelations were demon-
strated for atom pairs produced by molecule dissociation [4]
or by spontaneous four-wave mixing in free space through
the colision of two Bose-Einstein condensates (BECs) [5,13].
In these experiments the pairs which were produced lay on
a spherical shel. This geometry is disadvantageous because
many spatial modes are populated, and if one wishes to use
Bragg difraction to manipulate and recombine the pairs on
a beam spliter [11,14], the vast majority of the pairs are
unusable.
On the other hand, if pair production is concentrated in
a smal number of modes, experimenters can make more
eficien use of the generated pairs. One can then choose to
work either with low mode occupation, the wel-separated
pair regime, or with high mode occupation, refered to as
the squeezing regime in Ref. [15]. An example of twin
beams generated in the later regime is described in Ref. [6].
The squeezing regime is wel suited to the study of highly
entangled multiparticle systems and for investigations of atom
interferometry below the standard quantum limit [16,17]. The
source we study in this Rapid Communication can be operated
in both regimes. We use atomic four-wave mixing in a one-
dimensional (1D) optical latice, which results in production
of atom pairs in two wel-define beams, as proposed in
Ref. [18] and demonstrated in Ref. [19]. We show that these
beams present a narow momentum corelation, that their
momenta are precisely tunable, and that we can control their
intensities.
*bonneau@lens.unifi.it Present address: INO-CNR, via G. Sansone
1, 50019 Sesto Fiorentino - Firenze, Italy.
†Present address: Harvard-Smithsonian Center for Astrophysics,
Cambridge, Massachusets 02138, USA.
In atom optics, four-wave mixing coresponds to scatering
into new momentum classes subject to energy and momentum
conservation. In a wave picture, the conservation requirements
can be thought of as phase-matching conditions. The presence
of an optical latice modifie the free-space atomic dispersion
relation and therefore, for a range of initial quasimomenta
k0[20], the 1D scatering event 2k0→ k1+k2is alowed, as
shown in Fig.1(a). Thus, beginning from a BEC atk0,atom
pairs are spontaneously generated along the latice axis with
wel-define quasimomentak1andk2. We refer to this process
as four-wave mixing, but it can also be viewed as a special case
of a dynamical instability [21,22], which was studied in the
FIG. 1. (Color online) (a) 1D pair creation process in an optical
latice with periodλlat./2: The dispersion relation in the firs Bloch
band (green solid curve) alows scatering of atoms from a BEC with
quasimomentumk0(open red circle) in the latice frame into pairs
with quasimomentak1(file orange circle) andk2(file blue circle),
so that phase-matching conditions given by energy and momentum
conservations are fulfiled The example here is for a latice depth
V0=0.725Erecandk0=−0.65krec, withkrec=2π/λlat.the recoil
momentum andErec=h¯2k2rec/2m=h×44 kHz the recoil energy.(b) Vertical single-shot momentum distribution (integrated over the
total transverse distribution) measured for these conditions. The three
main peaks corespond to the initial BEC and to the macroscopicaly
populated beams centered atk1andk2, which are mainly projected in
the f rst Brilouin zone (in white) when the latice is switched of. As
expected, smal difraction peaks atk0+2krecandk2−2krecare also
visible, due to the proximity ofk0andk2to the band edge.
061603-11050-2947/2013/87(6)/061603(5) ©2013 American Physical Society
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FIG. 2. (Color online) Experimental setup and sequence: (1)
Initialy, a BEC of metastable helium is trapped in a vertical optical
potential with a 43μm waist. (2) An optical latice is suddenly
applied in the presence of the trap. It is tilted by 7◦with respect to
the trap axis, and is focused on the BEC with a 200μmwaist.(3)
After the dipole trap and optical latice switch of, the cloud expands
and fals on the 3D resolved single atom detector. Given the values of
the vertical and transverse Thomas-Fermi radi (0.5 mm and 3μm),
the arival time and position reflec the 3D momentum distribution,
provided the momenta are wel above 3×10−2krecalongzand
2×10−4krectransversely.
context of coherence [23,24] and atomic [25] losses appearing
for a BEC moving in a latice.
The experiment is performed on4He atoms in themx=1
sublevel of the 23S1metastable state. The experimental setup
and sequence are shown in Fig.2. After evaporative cooling
in an elongated, vertical dipole trap with frequenciesν⊥=
1.5 kHz andνz=6.5Hz[26], we produce a BEC (or more
precisely a quasi-BEC [27]) with about 105atoms. We then
apply a 1D optical latice with a depthV0=0.725Erec.This
latice is tuned 19 nm to the blue of the 1083 nm 23S1–23P
transition of helium. It is formed by two counterpropagating
17 mW beams with 200μm waists and whose relative detuning
δνcan be varied using acousto-optic modulators. We thus
control the value ofk0/krec=hδν/4Erec, the BEC’s momen-
tum in the latice frame. The latice is held on for a duration
TL=2 ms, and suddenly switched of, simultaneously with
the optical trap. To avoid magnetic perturbation of the cloud
during free fal, we apply an rf pulse that transfers 50% of
the atoms to the fiel insensitivemx=0 sublevel [26]. The
atoms remaining inmx=1 are subsequently removed by a
strong magnetic gradient. After a 307 ms mean time of f ight,
themx=0 atoms fal on a microchannel plate detector, which
permits 3D reconstruction of the atomic cloud [28].
As shown in Fig.1(b), we observe three main density peaks
after the time of f ight. The talest is the initial BEC. The two
others are formed by atoms scatered into momentum classes
centered ink1andk2, whose values are consistent with those
expected from the phase-matching conditions ilustrated in
Fig.1(a). Since the optical latice is switched of abruptly,
the Bloch states of momentak0,k1, andk2are projected onto
plane waves, mainly in the f rst Brilouin zone due to the
low latice depth. Each of the beams atk1andk2contains
about 102detected atoms, which we estimate to corespond
to about 2×103atoms per beam. We also detect some atoms
between the beams, which result from scatering into excited
transverse modes [29]. Due to the low overlap between the
transversely excited states and the initial wave function, this
transverse excitation is far less eficien than the previously
described 1D process. In addition, scatered atoms can also
undergo secondary scatering contributing to the background
between the beams.
In the folowing, we focus on the two beams. Using them
for quantum atom optics experiments or for interferometry
wil require recombining them. It is therefore crucial to
know the width of their corelation. From the 3D-momentum
distributionn(k), we computed the normalized second-order
cross-corelation function,
g(2)C(k,k)= n(k)n(k)n(k)n(k), (1)
wherekbelongs to beam 1 andkto beam 2. The BEC is
not exactly at rest in the optical trap, but exhibits shot-to-shot
momentum fluctuation on the order of 10−2krec. We corect
for these fluctuation by recentering separately the single shot
momentum distributionsn(k) aroundk1andk2,usingthe
shift obtained from Gaussian fit to the peak atk1and to
the difraction peak atk0+2krec. This corelation function
exhibits a peak forkz k1andkz k2[Figs.3(a)and3(b)].The presence of this peak indicates that the two atomic beams
are indeed corelated.
We wish to determine the number of modes present in
each beam, and how many of these modes are corelated.
We therefore examine the localsecond-order corelation
function of a single beam,g(2)L(k,k), which is obtained asin Eq.(1)but with bothkandkbelonging to beam 1. This
corelation function, ploted in Figs.3(c)and3(d), exhibits
bunching forkz kz k1, due to density fluctuation [asin the Hanbury-Brown–Twiss (HBT) efect [30]. Similar
bunching is observed atk2. If we suppose that the widthsof the local corelation defin the size of a single mode, we
can compare them to those of the density (longitudinal rms:
4×10−2krec;transverserms:4×10−1krec). We see that about10 longitudinal and 3 transverse modes are populated. Thus the
mode population is, roughly, 70 atoms/mode. For comparison,
in the case of free-space four-wave mixing [31], starting from
a similar initial BEC, 105modes were populated, with only
about 0.02 atoms/mode.
It appears in Fig.3that, while in the transverse direction,
the cross and local corelations have similar widths [Figs.3(a)
and3(c)], the cross corelation is 5 times broader than the
local one along the vertical axis [Figs.3(b)and3(d)]: each
mode is corelated with several modes of the other beam.
If one uses two such beams as inputs to a beam spliter,
this broadening amounts to a loss of coherence, and the
interference contrast would be reduced. We emphasize that
the observed widths may be broadened by other efects, and
so their numerical ratio is not exactly equal to the number of
corelated modes. For the local corelation, we estimate that
the finit vertical resolution of the microchannel plate detector
contributes notably to the observed width. This resolution
comes about because the surface which define the atom arival
061603-2
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FIG. 3. (Color online) (a) and (b) Cuts alongyandzof
the integrated, normalized cross-corelation function of the two
beams,g(2)C(k)= dkig(2)C(ki,kj+ k). The integration over themomentum distributionkiis performed on a box with dimensions
Lkx=Lky=0.4krecandLkz=5×10−2kreccentered on beam 1,ki+kj=(k1+k2)ˆez, and the cuts have a thickness 10−2krec(1.5×
10−1krec) alongz(xandy). The bunching, due to the corelation
between the two beams, has a longitudinal (transverse) widthσc,z=
1.8×10−2krec(σc,y=1.6×10−1krec). (c) and (d) Cuts alongyand
zof the integrated, normalized local corelation function of beam
1,g(2)L(k)= dkig(2)L(ki,ki+ k). The integration region is thesame as for the cross corelation, and the cuts have a thickness
2.5×10−3krec(0.1krec) alongz(xandy). The bunching, due to
the HBT efect, has a longitudinal (transverse) widthσl,z=3.7×
10−3krec(σl,y=1.3×10−1krec). Cuts alongx(not shown here) have
the same widths and amplitudes as cuts alongy. These corelation
functions are calculated using 850 experimental realizations, with
k0=−0.65krec, a latice depthV0=0.725Erec, and a latice duration
TL=2 ms. In al plots, the horizontal eror bars indicate the bin size
and the vertical ones corespond to the statistical 1σuncertainties.
The solid lines are Gaussian fit to the data from which we extract
the corelation widths.
time is not fla but consists of tilted channels which intercept
the atoms at diferent heights. The width shown in Fig.3(d)
is consistent with this interpretation. For the cross corelation,
the observed width is broadened by the fact that the vertical
source size is not negligible [32]. Note also that the limited
coherence of the initial quasi-BEC plays a role in the cross
corelation width [32].
The use of an optical latice permits control over the output
beam momenta. Changing the detuningδνbetween the latice
beams results in varying the value ofk0.InFig.4,weplotthe
mean vertical momentak1andk2of both beams, measured for
diferentk0, as wel as the expectation (solid line) based on the
phase-matching conditions ilustrated in Fig.1(a). We obtain
a fair agreement over a large range, even though the solid line
presents a smal shift in comparison to the data points and
does not reproduce the observed shape for high values ofk0.
However, as already observed for four-wave mixing in free
space [33], phase-matching conditions can be influence by

















FIG. 4. (Color online) Measured mean momentak1andk2of the
beams (black dots, in units ofkrec) as a function ofk0(initial BEC
momentum in the latice frame) for a depthV0=1.05Erecand a
durationTL=1.5 ms of the latice. The solid line shows the phase-
matching curve expected without interactions, while the dashed line
includes the mean fiel [see Eq.(2)].
mean-fiel efects. A simple corection to the phase-matching
curve is found just by adding the mean fiel to the energy
conservation condition: Since the two atoms of a scatered
pair are distinguishable from the atoms of the initial BEC,
the mean-fiel energy experienced by each of them is notgn0
(withg=4π¯h2a/m,aandmthe scatering length and the
mass of He∗andn0 1013atoms/cm3the BEC density), but
2gn0, so that the energy conservation condition reads:
2E(k0)+2gn0=E(k1)+E(k2)+4gn0, (2)
where the energyE(k) is given by the dispersion relation in
the f rst Bloch band of the latice without interaction. As seen
in Fig.4(dashed line), this corection leads to very good
agreement with the experimental data, and accounts for the
shift of the phase-matching curve and the change of its shape.
A more exact calculation of the phase-matching conditions,
inspired by Ref. [21], confirm the accuracy of Eq.(2)in our
experimental conditions and wil be given in Ref. [34].
Another degree of freedom results from the fact that pair
creation only takes place while the latice is on. We can thus
tune the beam populations with the latice durationTL.Inthe
example of Fig.5these populations increase exponentialy
withTLduring a few hundredμs, and then reach a plateau.
This saturation could be explained by several mechanisms
such as the decrease of spatial overlap between condensate and
scatered beams [19], multimode efects [35], and secondary
scaterings from the beams. Condensate depletion is at most
about 20% and should be of litle importance in the saturation.
For smalTL, there is no discernible population diference
between both beams. By contrast, we observe that at largeTL
the population of beam 1 is almost twice that of beam 2, a
phenomenon also noticed in Ref. [19]. This may be due to
k2being in a dynamicaly unstable region while atoms with
quasimomentumk1can only undergo secondary scatering to
excited transverse modes.
At intermediateTL, we observe negligible losses due to
secondary scateringandhigh mode population (around 60
atoms per mode atTL=0.2 ms in the example of Fig.5). The
resulting beams should contain strongly corelated pairs. In
an atempt to verify a nonclassical corelation, we examined
atom number diference between the two beams. By selecting
two regions around the centers of the two beams, we do indeed
061603-3
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FIG. 5. (Color online) Dependence of the population of beam 1
(orange file circles) and beam 2 (blue open circles) on the latice
durationTLfork0=−0.67krecand for a latice depthV0=1.05Erec.
The gray line is an exponential f t of the detected population in beam
2forTL<0.3 ms, which gives a time constant of 0.1 ms and an
ofset of 11.5 detected atoms. This ofset is due to the smal thermal
part of the source cloud with quasimomentak1andk2. For a lower
latice depth, as for the data of Fig.3, the temporal evolution is a few
times slower [21]. Inset: same data with linear scale.
observe a sub-Poissonian number diference [6,31], as shown
in Fig.6. The observed variance is consistent with that ob-
served in Ref. [31], and is limited in large part by the quantum
eficien y of the detector. Other features of the variance are
puzzling, however. First the minimum of the dip in the variance
occurs when the center of region 1 is shifted by 0.1krecwith
respect to the center of the density distribution in beam 1.
Second, in the transverse plane, the size of the regions over
which the variance is reduced is nearly an order of magnitude
smaler than the transverse width of the corelation function.
We plan to investigate these efects in future experiments.
To conclude, we have demonstrated an eficien process for
the production of corelated atom pairs. We have control over













FIG. 6. (Color online) Normalized variance of atom number
diference between two regions selected close to beams 1 and 2.
The data are the same as those of Fig.3. Regions are vertical
cylinders of radius 2.5×10−2krecand height 8.5×10−2krec.They
are centered on the two beams in the transverse plane. Along the
vertical axis, the center momentum (in the latice frame) of region 1
is scanned, whereas region 2 is f xed. A variance below unity indicates
sub-Poissonian fluctuations
both the fina momenta and the intensity of the corelated
beams. We characterize the width of the corelation in
momentum and fin evidence of sub-Poissonian fluctuation
of population diference. This source should be useful in
multiple particle interference experiments both in the regime
of wel-isolated pairs [12] and in the regime of large occupation
numbers [11].
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Second-order coherence of superradiance from a Bose-Einstein condensate
R. Lopes, A. Imanaliev, M. Bonneau,*J. Ruaudel,†M. Cheneau, D. Boiron, and C. I. Westbrook‡
Laboratoire Charles Fabry, Institut d’Optique–CNRS–Universit´e Paris-Sud, 2 avenue Augustin Fresnel, 91127 Palaiseau, France
(Received 23 December 2013; published 16 July 2014)
We have measured the two-particle corelation function of atoms from a Bose-Einstein condensate participating
in a superadiance process, which directly reflect the second-order coherence of the emited light. We compare
this corelation function with that of atoms undergoing stimulated emission. Whereas the stimulated process
produces corelations resembling those of a coherent state, we fin that superadiance, even in the presence
of strong gain, shows a corelation function close to that of a thermal state, just as for ordinary spontaneous
emission.
DOI:10.1103/PhysRevA.90.013615 PACS number(s): 03.75.Kk,42.50.Lc,67.10.Jn
Ever since the publication of Dicke’s 1954 paper [1], the
problem of the colective emission of radiation has occupied
many researchers in the field of light scatering, lasers, and
quantum optics. Colective emission is characterized by a
rate of emission which is strongly modifie compared to
that of individual atoms [2]. It occurs in many diferent
contexts: hot gases, cold gases, solids and even planetary
and astrophysical environments [3]. The case of an enhanced
rate of emission, originaly dubbed superadiance, is closely
connected to stimulated emission and gain and, as such,
resembles laser emission [4]. Lasers are typicaly characterized
by high phase coherence but also by a stable intensity,
coresponding to a Poissonian noise, or a fla second-order
corelation function [5]. Here we present measurements
showing that the coherence properties of superadiance, when
it occurs in an ultracold gas and despite strong amplifie
emission, are much closer to those of a thermal state, with
super-Poissonian-intensity noise.
Research has shown that the details of colective emission
depend on many parameters such as the pumping configura
tion, dephasing and relaxation processes, sample geometry,
presence of a cavity, etc., and, as a result, a complex
nomenclature has evolved including the terms superadiance,
superfluorescence amplifie spontaneous emission, mirorless
lasing, and random lasing [2,4,6–9], the distinctions among
which we do not atempt to summarize here. The problem
has recently seen renewed interest in the fiel of cold
atoms [10–25]. This is partly because cold atoms provide a
reproducible, easily characterized ensemble in which Doppler
broadening efects are smal and relaxation is generaly limited
to spontaneous emission. Most cold-atom experiments difer in
an important way from the archetypal situation f rst envisioned
by Dicke: instead of creating an ensemble of excited atoms at
a wel-define time and then alowing this ensemble to evolve
freely, the sample is typicaly pumped during a period long
compared to the relaxation time and emission lasts essentialy
only as long as the pumping. The authors of Ref. [10], however,
*Curent address: Vienna Center for Quantum Science and Technol-
ogy, Atominstitut, TU Wien, Stadionalee 2, 1020 Vienna, Austria.
†Curent address: Laboratoire Kastler Brossel, Universit´e Piere
et Marie Curie–´Ecole normale sup´erieure–CNRS, 4 place Jussieu,
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‡christoph.westbrook@institutoptique.fr
have argued that there is a close analogy to the Dicke problem,
and we folow them in designating this process superadiance.
In the literature on superadiance there has been relatively
litle discussion about the coherence and corelation properties
of the light. The theoretical treatments we are aware of
show that the coherence of colective emission can be quite
complicated but does not resemble that of a laser [2,13,20,26–
28]. These results, however, were obtained for simple models
that do not include al parameters relevant to laboratory
experiments. Experimentaly, a study performed on Rydberg
atoms coupled to a milimeter-wave cavity [29]showeda
thermal mode occupation, and an experiment in a cold atomic
vapor in free space [24] observed a nonfla second-order
corelation function. In the present work, we show that even if
the initial atomic state is a Bose-Einstein condensate (BEC),
the second-order corelation function looks thermal rather than
coherent.
Such behavior, which may seem counterintuitive, can be
understood by describing superadiance as a four-wave mixing
process between two mater waves and two electromagnetic
waves. The initial state consists of a condensate, a coherent
optical pump beam, and empty modes for the scatered atoms
and the scatered photons. If we make the approximation that
the condensate and the pump beam are not depleted and can
be treated as classical fields the mater-radiation interaction




whereaˆ†at,i(ˆaat,i) andaˆ†ph,i(ˆaph,i) denote atom and photoncreation (annihilation) operators for a specifi pair of momenta
ifi ed by energy and momentum conservation andχiis a
coupling constant. Textbooks [30] show that, starting from
an input vacuum state, this Hamiltonian leads to a product
of two-mode squeezed states. When one traces over one of
the two modes,α={at,i}or{ph,i}, the remaining modeβ





whereas it is unity for a laser. The problem has also been treated
for four-wave mixing of mater waves [31]. We emphasize
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that, when starting from initialy empty modes, the occupation
remains thermalregardlessof the gain.
In the experiment, we start from initialy nearly motionless
atoms of a BEC and observe their recoil upon photon emission.
To the extent that each recoil coresponds to the emission
of a single photon, we can obtain essentialy the same
information about the radiation from such measurements as
by observing it directly. In doing this, we are folowing the
approach pioneered in experiments such as [10] and [29]
and folowed by many others, which uses highly developed
atom detection and imaging techniques to glean most of the
experimental information about the process. We are able to
make time-integrated measurements of the emission, resolved
in transverse and longitudinal momentum as wel as in polar-
ization, and reconstruct the two-particle corelation function
of the recoiling atoms or, equivalently, the second-order
corelation function of the scatered light. We show that in the
configuratio of our experiment, the second-order corelation
is close to that of a thermal sample and very diferent from the
corelation properties of the initial, condensed atomic state.
We use helium in the 23S1,m=1 state confine in a crossed
dipole trap [see Fig.1(a)] with frequencies of 1300 Hz in the
xandydirections and 130 Hz in the (vertical)zdirection.
The dipole trap wavelength is 1.5μm. The atom number is
approximately 50 000, and the temperature of the remaining
thermal cloud 140 nK. A 9-G magnetic fiel along theyaxis
define a quantization axis. After producing the condensate, we
iradiate it with a laser pulse of 2.4 W/cm2tuned 600 MHz to
the red of the 23S1→ 23P0transition atλ=1083 nm and with
natural linewidth 1.6 MHz. The excitation beam propagates
(a) (b)
FIG. 1. (Color online) (a) Sketch of the experiment. A 9-G
magnetic fiel Bapplied along theyaxis define the quantization
axis. The excitation beam propagates with an angle of 10◦(not shown)
relative to thexaxis and its polarization is linear, with the same
angle relative to thezaxis. After emission, the atoms fal 46 cm
to a position-sensitive microchannel plate (MCP). The atom cloud
forms a sphere with enhanced occupation of the endfir modes. (b)
Atomic level scheme. The atoms, initialy in the 23S1,m=+1 state,
are excited to the 23P0state. From there, they can decay with equal
branching ratios to the three sublevels of the ground state. We detect
only the atoms which scater into them=0 state.
with an angle of 10◦relative to thexaxis and its polarization is
linear, with the same angle relative to thezaxis [see Fig.1(a)].
The pulse length is 5μs and it is applied with a delayτafter
switching of the trap. The expansion of the cloud during this
delay is a convenient way to vary both the optical density
and the anisotropy of the sample at constant atom number.
The absorption dipole matrix element is of theσ−form and
thus one-half of the laser intensity is coupled to the atomic
transition coresponding to a Rabi frequency of 56 MHz. The
excited atoms decay with equal branching ratios to the three
ground states. During the pulse, less than 10% of the atoms are
pumped into each of these states. Because of the polarization
selection rules, the atoms which are pumped into them=
0 state cannot reabsorb light from the excitation laser. By
focusing on these atoms, we study the regime of “Raman
superadiance” [15,32], by which we mean that an absorption
and emission cycle is accompanied by a change in the internal
state of the atom. When the trap is switched of, the atoms fal
toward a microchannel plate detector which detects individual
atoms with three-dimensional imaging capability and a 10%
to 20% quantum eficien y [33]. A magnetic-fiel gradient is
applied to sweep away al atoms except those scatered into
them=0 magnetic sublevel. The average time of f ight to the
detector is 310 ms and is long enough that the atoms’ positions
at the detector reflec the atomic momenta after interaction with
the excitation laser. Conservation of momentum then requires
that these atoms lie on a sphere with a radius equal to the
recoil momentumkrec=2π/λ. Any additional scatering of
light, whether from imperfect polarization of the excitation
laser or from multiple scatering by the atoms, wil result in the
atoms lying outside the sphere. We see no significan signal
from such events, but in order to completely eliminate the
possibility of multiple scatering we restrict our analysis of the
data to the spherical shel with inner radius 0.8krecand outer
radius 1.2krec.
We excite atoms in an elongated BEC in such a way
that an alowed emission dipole can radiate along the long
axis. In an anisotropic source, colective emission builds up
more eficientl in the directions of highest optical thickness.
Superadiance is therefore expected to occur along the long
axis of the BEC, in so-caled “endfire modes [10,34]. An
important parameter, then, is the Fresnel number of the
sample [2],F=2R2⊥/λRz, whereR⊥andRzare the horizontaland vertical Thomas-Fermi radi of the condensate. The
Fresnel number distinguishes between the difraction limited
(F<1) and the multimode superadiance regimes (F>1).
In our case,R⊥≈5μm andRz≈50μm, yielding a Fresnel
number of about unity.
Typical cuts through the atomic momentum distribution in
theyzplane are shown in Fig.2,forτ=500μs (left) and
τ≈0 (right). In both cases, the spherical shel with radius
1krecappears clearly. For the short delay, when the atomic
sample remains dense and anisotropic, we observe strong
scatering in the endfir modes at the top and botom poles
of the sphere. In addition to this change in the profil of the
distribution, we measure an increase in thetotal numberof
atoms on the sphere by a factor of∼5 fromτ=500μsto
τ≈0. Because each atom has scatered a single photon, this
increase directly reflect an increase in the rate of emission
in the sample and therefore demonstrates the colective nature
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FIG. 2. (Color online) Momentum distribution of scatered
atoms in theyzplane (containing the emission dipole). Both
panels show the distribution in theyzplane, integrated between
kx=±0.1krecand summed over 100 shots. See the Supplemental
Information for a cut in thexzplane [35]. Left: Excitation laser
applied 500μs after the trap switch-of. Only the radiation patern
for ay-polarized dipole is visible. Right: Excitation laser applied
immediately after the trap switch-of. Strong superadiance is visible
in the vertical, endfir modes.
of the scatering process. At long delays, the condensate has
expanded suficientl that the optical thickness and anisotropy
have falen dramaticaly, suppressing the colective scatering.
By looking at the number of scatered atoms in thexdirection
(perpendicular to the plane in Fig.2), we have verifie that,
away from the endfir modes, the rate of emission varies by
less than 10% for diferent delays [35].
To see the distribution in a more quantitative way, we show
in Fig.3an angular plot of the atom distribution in theyzplane.
Data are shown for three delaysτbefore application of the
FIG. 3. (Color online) Angular distribution of scatered atoms in
theyzplane (containing the emission dipole) for diferent values of
the delayτbefore the excitation pulse. From botom to top: light-gray
(green) circles corespond toτ=500μs; dark-gray (blue) circles, to
τ=200μs; and light-gray (red) circles, toτ=0μs. Data forτ=
0 and 500μs are the same as those shown in Fig.2. Images were
integrated along thexaxis between±0.1krec, and only atoms lying
inside a shel with inner radius 0.8krecand outer radius 1.2krecwere
taken into account. The delaysτ=0, 200, and 500μs corespond to
peak densities of≈8, 2, and 0.4×1018m−3and to aspect ratios of 10,
5, and 2.5, respectively. The endfir modes are located at±π/2. The
half-width at half-maximum of the highest peak is 0.14 rad. Eror
bars are shown, denoting the 68% confidenc interval.
excitation pulse. For the 500-μs delay, the angular distribution
folows the wel-known “sin2θ” linear dipole emission patern,
with the anglesθ=0 andπcoresponding to the orientation
of the dipole along theyaxis [35]. For the 200-μs delay, the
superadiant peaks are already visible at the top of the dipole
emission profile For the shortest delay, the half-width of the
superadiant peaks is 0.14krec,or0.14 rad, consistent with
the difraction angle and the aspect ratio of the source. In the
vertical direction, the superadiant peaks are 10 times narower
than in the horizontal direction [35].
In the strongly superadiant case, we observe large and
uncorelated fluctuation of the heights of the two superadiant
peaks on a shot-to-shot basis. These fluctuation directly reflec
the fluctuation of the population of the superadiant modes.
We investigate these fluctuation further by measuring the
normalized two-particle corelation function of the scatered
atoms, define as
g(2)(k)= :ˆn(k)ˆn(k+ k):nˆ(k) nˆ(k+ k). (3)
Here,nˆis the atomic density and : : denotes normal ordering.
In practice, this function is obtained from a histogram of
pair separations knormalized to the autoconvolution of
the average particle momentum distribution [36,37]. Figure4
shows the experimentaly measured corelation functions
integrated over the momentum along two of three axes, both
(a)
(b)
FIG. 4. (Color online) Corelation functions along the (a)zand
(b)yaxis forτ≈0. Darker (blue) circles corespond to superadiant
peaks (define by|kz|>0.95krec). Lighter (orange) circles core-
spond to atoms from the scatering sphere away from the superadiant
peaks (define by|kz|<0.92krec). Solid lines are Gaussian fit
constrained to approach unity at large separation. Filed gray circles
corespond to a fraction of the initial condensate transfered to the
m=0 state via a stimulated Raman transfer. The dashed gray line
shows unity. Eror bars denote the 68% confidenc interval.
013615-3
R. LOPESet al. PHYSICAL REVIEW A90, 013615 (2014)
for the superadiant peaks and on the scatering sphere away
from the peaks [35].
We see that in both cases the corelation function at zero
separation reaches a value close to 2. This shows clearly
that, despite strong amplifie emission in the endfir modes,
the atoms undergoing a superadiant process have statistics
comparable to that of a thermal sample. As emphasized in the
introductory section, these large fluctuation can be simply
understood by modeling the superadiant emission as a four-
wave mixing process; they arise from the fact that the emission
is triggered by spontaneous emission. For the superadiant
peaks, the corelation actualy is slightly larger than 2. Similar
behavior has appeared in some models [20,38], but these
models may not be directly applicable to our situation.
Figure4also shows that the corelation widths of the
superadiant modes are somewhat broader than those of the
atoms scatered in other modes. The efect is a factor of about
1.5 in the vertical direction and about 1.25 in the horizontal
direction [35]. The broadening indicates that the efective
source size for superadiance is slightly smaler than that for
spontaneous scatering. A decreased vertical source size for
superadiance is consistent with the observations in Refs. [39]
and [40], which showed that the superadiant emission is
concentrated near the ends of the sample. In the horizontal
direction, one also expects a slightly reduced source size
relative to the atom cloud since the gain is higher in the center,
where the density is higher. The fact that the corelation widths
are close to the widths of the momentum distribution [35]
indicates that the superadiant peaks are almost single mode as
expected for samples with a Fresnel number close to unity [2].
The spontaneous superadiant scatering process should
be contrasted with stimulated Raman scatering. In terms of
the model described by Hamiltonian (1), stimulated Raman
scatering coresponds to seeding one of the photon modes
with a coherent state. In this case, vacuum fluctuation do
not initiate the scatering process, and the resulting mode
occupation is not thermal but coherent. To study stimulated
scatering, we applied the excitation beam together with
another beam polarized paralel to the magnetic fiel and
detuned by the Zeeman shift (25 MHz) with respect to the
σ-polarized beam, inducing a stimulated Raman transition.
The laser intensities were adjusted to transfer a similar number
of atoms to them=0 state as in the superadiance experiment.
The normalized corelation functions in this situation, shown
in Fig.4, are very nearly fla and equal to unity as we expect
for a BEC [36,41,42]. The complementary experiment, seeding
theatomicmode with a coherent state has also been observed
to produce a coherent amplifie mater wave [43,44]. As a
side remark, we have also observed that the superadiant atom
peaks are 2.8 times narower in the vertical direction than the
vertical width of the transfered condensate [35]. We atribute
this to a longitudinal gain narowing efect [27].
We also investigated the influenc of several other ex-
perimental parameters on the second-order coherence of the
superadiant emission: We have excited the atomic sample with
a longer and stronger pulse (10μs, 3.2 W/cm2), so that the
initial condensate was entirely depleted. We have explored the
Rayleigh scatering regime, in which the atoms scater back to
their initial internal state. We also changed the longitudinal
confinemen frequency of the BEC to 7 Hz, leading to a
much higher aspect ratio. These diferent configuration led
to two-particle corelation functions which were very similar
to the one discussed above. We believe that similar fluctuation
wil occur in superadiance from a thermal cloud provided that
the gain in the medium is large enough. We were unable to
confir this experimentaly in our system, precisely because
of the vastly reduced optical density. However, noncoherent
intensity fluctuation have been observed using magneto-
opticaly trapped atoms [24]. This seems to confir our
interpretation that the large fluctuation of the superadiant
mode occupation is an intrinsic property of superadiant
emission, reflectin the seeding by spontaneous emission. The
only way to suppress these fluctuation would be to restrict the
number of scatering modes to one by means of a cavity and
to saturate the gain by completely depleting the atomic cloud.
The occupation of the superadiant mode would then simply
reflec that of the initial atomic sample.
An interesting extension of the techniques used here
is to examine superadiant Rayleigh scatering of a light
pulse short enough and strong enough to populate oppositely
directed modes [45]. It has been predicted [13,14,46] that
the modes propagating in opposite directions are entangled,
similar to those produced in atomic four-wave mixing [47–49].
A similar measurement technique should be able to reveal
them.
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iφˆa2va+ie−iφˆa2vb+ˆavaaˆvb+i2aˆvbˆava |1va,1vb 2 (5)
=14 0+1+i
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